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Agriculture, Maricopa, ArizonaABSTRACT A methodology is presented to characterize complex protein assembly pathways by fluorescence correlation
spectroscopy. We have derived the total autocorrelation function describing the behavior of mixtures of labeled and unlabeled
protein under equilibrium conditions. Our modeling approach allows us to quantitatively consider the relevance of any proposed
intermediate form, and Kd values can be estimated even when several oligomeric species coexist. We have tested this method
on the AAAþ ATPase Rubisco activase (Rca). Rca self-association regulates the CO2 fixing activity of the enzyme Rubisco,
directly affecting biomass accumulation in higher plants. However, the elucidation of its assembly pathway has remained chal-
lenging, precluding a detailed mechanistic investigation. Here, we present the first, to our knowledge, thermodynamic charac-
terization of oligomeric states of cotton b-Rca complexed with Mg$ADP. We find that the monomer is the dominating species
below 0.5 micromolar. The most plausible model supports dissociation constants of ~4, 1, and 1 micromolar for the mono-
mer-dimer, dimer-tetramer, and tetramer-hexamer equilibria, in line with the coexistence of four different oligomeric forms under
typical assay conditions. Large aggregates become dominant above 40 micromolar, with continued assembly at even higher
concentrations. We propose that under some conditions, ADP-bound Rca self-associates by forming spiral arrangements
that grow along the helical axis. Other models such as the stacking of closed hexameric rings are also discussed.INTRODUCTIONKnowledge of the oligomeric state of a protein is essential
for understanding its function. It has been estimated that
more than 80% of proteins in Escherichia coli are composed
of two or more subunits, and among these, ~80% are homo-
oligomers (1,2). Oligomerization is believed to be evolu-
tionarily advantageous, as it provides opportunities for
error control and regulation (1,3). However, the oligomeri-
zation state of a protein is often difficult to determine.
Although several in vitro methods such as size exclusion
chromatography, analytical ultracentrifugation, and chemi-
cal cross-linking can be employed, these techniques are
not always adequate to identify transient intermediates.
For some proteins, the oligomerization state can be
modulated by environmental factors such as concentration,
temperature, pH, phosphorylation, or ligand binding (2,3).
Nucleotide binding partakes in the assembly of Rubisco
activase (Rca), a chemomechanical motor protein that plays
an essential role in regulating Rubisco (ribulose 1,5-bi-
sphosphate caboxylase/oxygenase) activity in higher plants
(4–7). The enzyme Rubisco catalyzes the incorporation of
CO2 into simple carbohydrates (8), however, its activity is
diminished by the generation of competitive inhibitors that
produce dead-end complexes (9,10). In many photosyn-
thetic organisms, the ring-forming ATPase Rca catalyzesSubmitted May 29, 2012, and accepted for publication July 23, 2012.
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fixation (7). The activity of Rca is upregulated by high
ATP and downregulated by high ADP levels, and moderate
heat stress causes activity loss (4,11–13).
Rca (~383 residues) belongs to the AAAþ superfamily,
a ubiquitous group of proteins that uses ATP hydrolysis to
carry out mechanical work on macromolecular substrates
(14). The AAAþ module consists of the N-terminal ring-
forming domain bearing the Walker A and B motifs, and
a less conserved C-terminal domain positioned around the
periphery of toroidal assemblies (14). Adenine nucleotides
bind at the domain interfaces, with hydrolysis thought to
be coupled to large-scale C-domain motions. Recently, the
first x-ray models of some fragments of higher plant Rca
have become available, the 1.9 A˚ structure of the creosote
C-domain (15) and the 2.9 A˚ structure of the tobacco
AAAþ module comprising residues 68–360 (16). However,
the Rca-specific N- and C-terminal regions flanking the
AAAþ domain remain structurally uncharacterized. The
nucleotide-free tobacco protein crystallized in a pseudo-
hexameric spiral, and closed-ring hexameric models were
generated by fitting the coordinates into negative stain elec-
tron microscopy (EM) maps (Fig. S1 in the Supporting
Material) (16). Notably, the 3.0 A˚ crystal structure of
a bacterial Rca was recently reported in combination with
EM images that depict symmetric hexameric rings in the
presence of ATP and ribulose-bis-phosphate (RuBP) (17).
Rca is a member of the extended classic AAAþ clade
known for the formation of closed-ring hexamers (14).http://dx.doi.org/10.1016/j.bpj.2012.07.034
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molecular binding partners to generate functional oligomers
(18), whereas others require nucleotides to control their
interactions with partner proteins (19). Several families
consist of tandem arrays of AAAþ modules that stack on
top of each other (20). In this group, a well-studied example
is ClpA, where hexamerization is ATP- and Mg2þ-depen-
dent (21). However, for Rca, the assembly pathway has
been difficult to determine due to the high degree of size
polydispersity observed in all protein preparations. Based
on size-exclusion high-performance liquid chromatography
(SE-HPLC), molecular mass estimates have ranged from 58
to well over 550 kDa, with strong dependence on protein
concentration and other assay conditions (ATP, ATP-g-S,
Mg2þ, ADP, apoform, polyethylene glycol, ionic strength,
glycerol, temperature) (5,12,22). Typically, SE-HPLC
elution profiles consist of broad, asymmetric bands indica-
tive of a large number of coeluting oligomeric species,
with nucleotides facilitating self-association (5). Although
an intermolecular salt bridge appears to be disrupted in
the tobacco Rca-R294A and R294V variants (23), ATP-
dependent hexamers have been identified by mass spectrom-
etry and EM (16,24). The allosteric regulation of Rca is of
intense current interest, as subunit assembly modulates the
extent of biological carbon fixation. However, due to the
difficulties inherent in characterizing coexisting oligomeric
species, the regulation of Rca activity remains poorly under-
stood. To elucidate bioenergetic parameters of Rubisco
reactivation, a complete thermodynamic understanding of
the stepwise assembly pathway is essential.
Here, we used fluorescence fluctuation methods to
examine the cotton b-Rca (nonredox) assembly process in
the presence of Mg,ADP (adenosine diphosphate com-
plexed with Mg2þ). These techniques rely on the measure-
ment of fluorescence intensity fluctuations in a small
number of molecules contained in an optically restricted
volume (25,26). In fluorescence correlation spectroscopy
(FCS), temporal fluorescence fluctuations are analyzed by
means of the autocorrelation function (g(t)). Results are
then interpreted in terms of the dynamics of the different
processes underlying these fluctuations, such as Brownian
motion (27,28). FCS has been widely used to study molec-
ular transport in vitro and in vivo (29–33), to study chromo-
some dynamics (34,35), and protein oligomerization
(36,37). Our results show that Rca self-associates in a step-
wise fashion to higher-order forms that exceed the molec-
ular mass of a hexamer. Assembly models are discussed in
relation to experimental data.MATERIALS AND METHODS
Cloning, expression, and purification
of 6His-tagged and untagged cotton b-Rca
This work was carried out on cotton b-Rca-378AC, a short-form Rca with
a C-terminal Ala-Cys insert (38). A blunt-ended polymerase chain reactionBiophysical Journal 103(5) 949–958product coding for b-Rca-378AC was amplified from a pET23aþ expres-
sion plasmid and cloned into a linear pET151/D-TOPO vector, which
was transformed into One Shot TOP10 competent cells according to the
manufacturer’s instructions (Invitrogen, Grand Island, NY). The correct
insert was verified by DNA sequencing of individual transformants.
The pET151/D-TOPO vectors with correct insert were transformed into
E. coli BL21*(DE3) (Invitrogen). Single colonies were cultured overnight
in 25 mL LB media plus 100 mg/mL carbenicillin, and used to inoculate 1 L
LB plus 100 mg/mL carbenicillin. Growth was continued at 250 rpm and
37C until the OD600 reached ~0.6. The cultures were cooled to ~25C,
100 mg of isopropyl-b-D-thiogalactoside was added to each flask, and
growth was continued at 200 rpm and 25C. After 8 h, the cells were
harvested by centrifugation and pellets frozen at 80C. Thawed cell paste
was suspended in 50 mL of 25 mM HEPES pH 8.0, 20 mM imidazole
pH 8.0, 300 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM phenylmethane-
sulfonylfluoride, 1 mM dithiothreitol (DTT), 0.5 mMADP, and 0.1% Triton
X-100, and then disrupted by sonication. The lysate was pelleted by centri-
fugation, and the supernatant was passed through a 0.8 mm syringe filter and
loaded onto a Ni-NTA column (Qiagen, Valencia, CA). Rca was purified
using an imidazole buffer step gradient (25 mM HEPES pH 8.0, 300 mM
NaCl, 1 mM DTT, and 0.5 mM ADP, plus imidazole). After washing
with 50 mM and 100 mM imidazole buffer, His-tagged Rca was eluted
with 25 mL of 500 mM imidazole buffer. Protein fractions were pooled,
1.2 mg of tobacco etch virus protease was added to cleave the 6His tag,
and the sample was dialyzed overnight at 10C against 1 L of 25 mM
Tris pH 8.0, 300 mM NaCl, 0.1 mM ADP, 0.1 mM DTT, and 1 mM
EDTA. The dialysate was reapplied to a Ni-NTA column, and tobacco
etch virus-cleaved Rca was collected in the flow-through and 20 mM imid-
azole wash. Protein was concentrated in Centriprep concentrators (Milli-
pore, Milford, MA) to a volume of ~2.5 mL. Using a PD-10 column (GE
Healthcare, Piscataway, NJ), the buffer was exchanged into 25 mM HEPES
pH 8.0, 250 mMKCl, 5 mMMgCl2, 2 mMADP, and 10% glycerol. Protein
concentration was determined by the Bradford method, with typical yields
of 3–4 mg/L cell culture. Recombinant cotton b-Rca-378AC was also
expressed in E. coli without an affinity tag, and purified by classical proce-
dures as described previously (39). All Rca preparations were flash-frozen
and stored at 80C.Dye conjugation methodology
Cotton b-Rca-378AC was covalently labeled with the ALEXA 546
C5- maleimide fluorophore (Invitrogen, Eugene, OR) using published
procedures (38). A typical reaction consisted of 236 ml of 28 mM Rca, 3
ml of 500 mM ADP, buffer stock, and 54 ml of 1.93 mM Alexa dye stock
(prepared in 50 mM phosphate pH 7.2), to provide a final volume of
300 ml in 50 mM phosphate pH 7.2. Control reactions were supplemented
with 50 mM DTT before the addition of Alexa. All reaction tubes were
incubated overnight at 4C. To remove excess label, 300 ml saturated
ammonium sulfate was added to each tube followed by incubation for
30 min at 4C. The pellets were collected in a microcentrifuge
(12,000 rpm), suspended in 170 ml 25 mM HEPES pH 7.5, 250 mM KCl,
1 mM ADP, and 10% glycerol, and desalted by two passes through a gel
filtration spin column (Sephadex G50-fine, 2 ml bed volume, 400  g
centrifugation for 2 min). 6 ml aliquots (30–60 mM Rca) were flash-frozen
in 1X sample buffer and stored at 80C. 1X sample buffer contained
25 mM HEPES pH 7.6, 250 mM KCl, 2 mM ADP, 5 mM MgCl2, and
10% glycerol.HPLC, spectrophotometric, and mass
spectrometric analysis of labeled protein
Alexa-labeled Rca samples were analyzed by reverse-phase HPLC (Waters
600 HPLC system, Waters 996 photodiode array detector) on a C18 analyt-
ical column (Vydac) using a linear water/acetonitrile gradient with 0.1%
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280 nm, and Alexa by O.D. 550 nm. All protein eluted at 53 min, whereas
free ALEXA eluted at 47.5 min. The protein fraction was collected and its
absorbance spectrum determined (650–250 nm, UV2401-PC spectropho-
tometer, Shimadzu, Kyoto, Japan) using 50% acetonitrile/trifluoroacetic
acid as a blank. The spectrum was used to calculate the molar Alexa/protein
ratio. The concentration of Alexa was determined from the O.D. 556 nm
(ε556 ¼ 104,000 M1cm1) and the concentration of Rca from the O.D.
280 nm after correction for dye contributions. To this end, the O.D. 556
was multiplied by the correction factor 0.146, and the resulting value sub-
tracted from the O.D. 280. The Rca extinction coefficient was calculated
from the protein’s sequence (ε280¼ 44,350M1cm1). To verify the correct
molecular mass of labeled protein, MALDI spectra were collected on
a Voyager DE STR mass spectrometer (see the Supporting Material).Sample preparation for fluorescence fluctuation
measurements
In a typical experiment, 57 ml 2X sample buffer (50 mM HEPES pH 7.6,
500 mM KCl, 4 mM ADP, 10 mM MgCl2, and 20% glycerol) and 57 ml
nanopure water were added to 6 ml labeled Rca (52 mM) to provide a
2.6 mM stock of labeled protein. A 30 mM stock of unlabeled Rca was
prepared in a similar manner. All solutions were kept at 22C while per-
forming FCS experiments (no more than 2.5 h). For each experiment,
appropriate amounts of labeled and unlabeled Rca were combined in
a tube containing 1X buffer to give the desired final protein concentration.
For example, to prepare a mix of 50 nM labeled and 5.0 mM unlabeled Rca,
3.8 ml of 2.6 mM labeled Rca stock were combined with 33.3 ml of 30 mM
unlabeled Rca stock, and 81.5 ml each of 2X buffer and nanopure water
were added (200 ml final volume). To allow for subunit equilibration,
each sample was incubated for 10 min at 22C before analysis. All exper-
iments were performed on 50 nM labeled and 0–125 mM unlabeled Rca.Fluorescence fluctuation experiments
FCS and photon count histogram (PCH) measurements were carried out
using a custom made confocal microscope. A 532 nm CW laser (Compass
215m-10Coherent, Santa Clara, CA)was focused ~4mmabove the coverslip
using an oil immersion objective (Olympus PlanApo 100X/1.4NA Oil).
Laser power was attenuated to ~80 mWusing a neutral density filter. Emitted
fluorescencewas collected using the same objective and then passed through
a 50 mm pinhole to reject the out-of-focus light. The signal was detected
using a silicon avalanche photodiode (SPCM-AQR-14; Perkin-Elmer,
Fremont, CA). A band pass filter (Omega 3RD560-620) in front of the
detector was employed to further reduce the background signal. An ALV
correlator card (ALV 5000/EPP, ALV-GmbH, Langen, Germany) was used
to correlate the detected fluorescence signal. Typical acquisition times were
on the order of 10 min. Data for PCH analysis were acquired with 10 ms
resolution using a PCI-6602 acquisition card (National Instruments, Austin,
TX). Samples were measured in perfusion chambers (Grace BioLabs, Bend,
OR) pretreated with 0.1 mg/ml bovine serum albumin (New England
BioLabs, Ipswich, MA) to minimize Rca adsorption onto the cover glass.FCS data analysis
In FCS, fluctuations are analyzed in terms of their temporal behavior by
means of the autocorrelation function, g(t) (27,28)
gðtÞ ¼ hdIðtÞdIðt þ tÞihIðtÞi2 : (1)
Here, I(t) is the fluorescence intensity at time t, the angular brackets
denote averaging over the data accumulation time, and dI (t) ¼ I (t)- hI(t)irepresents fluctuations from the mean (27,28). For the simplest case in
which a single species diffuses freely in solution and the point spread
function of the instrument is adequately described by a three-dimensional
(3D) Gaussian, the autocorrelation function can be expressed in terms of
the diffusion coefficient of the fluorescent molecules (D) as
gðtÞ ¼ 2
3=2
hNi

1þ 4Dt
r20
1
1þ 4Dt
z20
1=2
; (2)
where r0 and z0 are the radial and axial semiaxes of the Gaussian confocal
volume, and hNi is the mean number of molecules in an effective observa-
tion volume Veff ¼ (p/2)3/2 r20 z0 (27,28). The instrument was calibrated
daily by measuring the FCS decays of free TAMRA dye (D ¼ 414 mm2s1
(40,41), ) and/or free Alexa-546 dye (D ¼ 341 mm2s1 (42), ) in buffer,
and fitting the experimental decays to Eq. 2 using r0 and z0 as fitting param-
eters. The diffusion coefficient of Rca was then determined by fitting the
experimental FCS decays using the values of r0 and z0 measured on the
same day.PCH data analysis
In PCH, the same raw data used to calculate the FCS decay are converted
to a count rate probability distribution by determining the relative
frequency with which 0, 1.k photons are measured in a given sampling
time. This experimentally determined frequency histogram is then
analyzed in terms of theoretical models of the probability distribution
function that describe the expected distribution of photon counts for the
system (43,44). In contrast to FCS, the description of the PCH of a single
species diffusing in a 3D Gaussian volume cannot be expressed analyti-
cally. However, the histogram can be calculated numerically, and it is
uniquely characterized by two parameters: the mean number of molecules
that occupy the observation volume, hNi, and the molecular brightness
defined as the average photon counts detected per diffusing particle per
second, ε (43,44). ε is expected to be directly proportional to the number
of labeled subunits present in the particle (monomer, dimer, etc.), which
is a direct measure of the oligomerization state of the protein. The value
hNi was obtained from the amplitude of the FCS decay (Eq. 2), and
the experimental PCH was then analyzed using ε as the only fitting
parameter.Diffusion coefficients of monomeric
and oligomeric species
To interpret FCS data, we estimated the relative diffusion coefficients of
different oligomers in two different ways. In the first approach, we used
a value for D measured at 50 nM Rca as the diffusion coefficient of the
monomer (D1). According to the Stokes-Einstein equation, D of a spherical
particle is inversely proportional to the cubic root of its volume. If all
oligomers are approximately spherical with constant specific volume,
Dk ¼ D1/k1/3 for an oligomer with k subunits. The influence of molecular
shape (i.e., nonspherical particles) was found to be minor in the interpreta-
tion of the experimental results (see the Supporting Material). Alternatively,
the radius of gyration Rg of different oligomeric states was calculated from
the coordinates of the reconstructed closed-ring hexamer of tobacco Rca
(pdb ID code 3ZW6) (16) as (45)
R2g ¼
1
N
Xn
k¼ 1
ð~r ~rmeanÞ2: (3)
The models for the monomer, dimer, trimer, and tetramer consisted of the
coordinates of one, two, three, or four adjacent subunits, respectively.Dwas
calculated from Stokes-Einstein’s equation asBiophysical Journal 103(5) 949–958
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6ph
 
5
3
3=2 R3g
0:7654
þ 3Mw
4pNavdwater
h
!1=3
; (4)
where T is taken as 293 K, h is the solution viscosity (taken as pure water),
and kB is Boltzmann’s constant. The first summand in the parenthesis takes
into account that the structural models comprise 76.54% of the mass of the
full-length protein, and that the physical radius of a sphere is (5/3)1/2Rg
(45). The second summand represents the contribution of hydration.
Here, Mw is the MW of the protein, Nav is Avogadro’s number, dwater is
the density of water, and h is the mass of hydration water (typically
0.2–0.6 g water/g protein (46)). In our calculations, we arbitrarily used
h ¼ 0.4. This parameter has only a minimal effect on the calculated ratios
of D and does not affect data interpretation (see the Supporting Material).RESULTS
We have developed PCH and FCSmethods to investigate Rca
assembly at pH 7.6 in the presence of 2 mM ADP and 5 mM
Mg2þ. To this end, we have labeled cotton b-Rca-378AC
with a maleimide-functionalized Alexa 546 fluorophore by
chemical modification of an engineered cysteine residue
(38). In this variant, Ala-Cys was inserted after residue 378
of the 380-residue protein (38), positioning the label 20 resi-
dues downstreamof theC-terminus of theAAAþ x-raymodel
(Fig. S1) (16). Compared to wild-type, the insertion mutant
was reported to exhibit 81% of ATPase and 53% of Rubisco
reactivation activity, although derivatization was shown to
increase these activities to 150% and 131%, respectively
(38). In line with previous reports (38), MALDI spectra were
consistent with a single molecular mass of appropriate MW
(see the Supporting Material). Absorbance scans collected
on HPLC-purified denatured protein provided a molar ratio
of 1.045 0.08 (n ¼ 4) label attached per protein chain.
Both FCS and PCH rely on the analysis of fluorescence
fluctuations under equilibrium conditions. The average num-
ber of molecules present in the observation volume, hNi, is
required to be small for the amplitude of intensity fluctua-
tions to be large relative to its mean, imposing an upper limit
of ~300 nM on the concentration of labeled Rca. Therefore,
we performed experiments at higher Rca concentrations by
mixing labeled and unlabeled protein. This strategy has
been used to investigate oligomerization or aggregation in
a large variety of proteins such as a-synuclein (47), tubulin
(37), barstar (48), and the tumor suppressor p53 (36), and it
assumes that the labeled and unlabeled subunits equilibrate
producing oligomers that bear a variable number of fluores-
cent subunits. Although mixing greatly complicates PCH
analysis, a substantial amount of information can be ex-
tracted by FCS analysis.Rca is a monomer at concentrations below
300 nM
Experiments on labeled Rca were performed in the 50–
300 nM range. At each subunit concentration, the diffusionBiophysical Journal 103(5) 949–958coefficient was calculated by fitting the experimental
FCS decays to Eq. 2. At 50 nM labeled Rca, a value of
D50nM ¼ 64.7 5 3.7 mm2s1 was obtained by fitting 10
independent experiments. At higher concentrations, the
diffusion coefficients were obtained by averaging four inde-
pendent determinations, and were found to be indistinguish-
able from D50nM within error (Fig. S2). These results
suggest that the Rca oligomerization state does not change
between 50 and 300 nM. In addition, the mean number of
particles obtained from the inverse of the FCS amplitude
(Eq. 2) scales linearly with Rca concentration as expected
for monodisperse samples (Fig. S2). Self-association would
decrease the particle number, resulting in a downward
curvature of this plot.
The experimentally determinedD50nM can be compared to
the diffusion coefficient calculated from the Rg value of
a single subunit. Based on the crystallographic model (16),
we estimate D1 for an Rca monomer to be 59.1 mm
2s1 at
20C (seeMaterials andMethods). Because the experimental
value is somewhat larger than the calculated one, whereas
aggregation would reduce D, these results provide further
support for monomeric Rca in the 50–300 nM range. Further
evidence supporting a monomer can be obtained from PCH
analysis, which is based on the molecular brightness (ε)
defined as the average photon count detected per particle
per second. Because each Rca monomer is labeled with
a single fluorophore, ε of a dimer is expected to be twice
that of a monomer. Although the PCH of a single species
diffusing in a 3D volume cannot be expressed analytically,
the histogram can be calculated numerically in terms of the
parameters hNi and ε (43). At each Rca concentration, we
determined ε from a nonlinear fit of the experimental data,
fixing hNi at the value obtained from the amplitude of the
FCS decay (Eq. 2). To obtain the molecular brightness of
individual labels, analogous experiments were performed
with free dye in solution. Assuming that the fluorescence
quantum yield and extinction coefficient of the dye are not
affected by the protein environment, the ratio of the molec-
ular brightness of labeled Rca (ε) and the free dye (εFD) is
a measure of the oligomerization state of the protein. The
ratios ε/εFD were obtained by PCH analysis of experiments
on labeled Rca and on free dye from 50 to 300 nM, and are
plotted in Fig. S2. Over this concentration range, the ratios
remain constant within error at an average value of 0.8. The
small reduction in brightness suggests that the product of
the extinction coefficient and fluorescence quantum yield
of the dye is diminished upon attachment to the protein.
Regardless, the observed ratio is consistent with monomeric
Rca, as self-association would provide a ratio greater than 1.Rca forms oligomers in the 1–10 mM range,
and large complexes at higher concentrations
To investigate Rca assembly above 300 nM concentration,
we mixed labeled and unlabeled protein, and assumed that
Self-Assembly of Rubisco Activase. 953subunit equilibration will lead to a random distribution
of labels over all oligomeric forms. In support of this
notion, control experiments with varying incubation times
(0–60 min) performed on 8 mM Rca demonstrated that the
results do not depend on the time elapsed between sample
preparation and data acquisition. Above ~550 nM, the
FCS decays of solutions containing 50 nM labeled and
increasing amounts of unlabeled Rca show a continuous shift
to longer timescales (Fig. 1 A), suggesting the formation of
oligomers whose size and relative concentrations depend
on total protein concentration (labeled and unlabeled).
Control experiments carried out on free Alexa 546 in buffers
containing up to 127 mM unlabeled Rca showed no measur-
able changes in the FCSdecay of the dye, ruling out the possi-
bility that the shifts observed with labeled Rca are due to
changes in solution viscosity or index of refraction.
Consistent with previous reports (5,12), the FCS data
indicate that at subunit concentrations above 10 mM, Rca
assembles to form supramolecular complexes significantly
larger than hexamers. Despite the complexity of the
assembly mechanism, all FCS decays can be fit with a simple
one-component model (Eq. 2), such that an apparent diffu-
sion coefficient (Dapp) can be extracted (see below). There-
fore, the ratio Dapp/D1 can be calculated for each experiment
regardless of the number of contributing species (Fig. 1,
B–D). To provide a scale, the expected ratios Dapp/D1 ¼
k1/3 for k¼ 1.20 for the pure oligomeric forms are shownas red horizontal bars on the right side of the graphs. At
100 mM Rca, we observe a ratio of 0.38, substantially
smaller than the value of 0.55 expected for k¼ 6, suggesting
large aggregates bearing on the order of ~24 subunits. The
variations in relative diffusion coefficients that would result
from nonspherical molecular shapes and different amounts
of bound water cannot account for this difference (see the
Supporting Material).
Rajagopalan et al. (36) used FCS to investigate the self-
association of the tumor suppressor protein p53, which
was known to form tetramers from dimeric intermediates.
Because in this case the dissociation constants are separated
by about two orders of magnitude, no more than two
oligomeric forms coexist at any protein concentration. As
a consequence, a graph of diffusion time versus protein
concentration exhibits two clear inflection points at concen-
trations around the monomer/dimer and dimer/tetramer
transitions, which allows the estimation of Kd values
directly from this plot with minimal mathematical modeling
(36). In contrast, we observe a smooth shift in the diffusion
constant with concentration, indicating that Rca assembly
involves a number of intermediates in a wide range of
concentrations. This feature is supported by published SE-
HPLC data (5,12,22,23). Therefore, the interpretation of
FCS data in terms of Rca assembly requires modeling
the diffusion coefficients of individual component species,
and a mathematical model that describes the totalFIGURE 1 Rca assembly mechanisms. (A)
Representative FCS decays obtained with 50 nM
labeled and increasing concentrations of unlabeled
Rca. The concentrations in the inset represent total
protein (labeled and unlabeled). (B–D) Compar-
ison of experimental results and modeling. The
solid circles are experimental values of the ratio
of the apparent diffusion coefficient at each
concentration (Dapp) and the diffusion coefficient
obtained at 50 nM (D1). The horizontal red lines
are placed at values of Dapp/D1 ¼ k 1/3 for k ¼
1, 2. 20, and represent the expected Dapp/D1
values for monomers, dimers, etc. The solid curves
were calculated according to Model 1 (panel B),
Model 2 (panel C), and Model 3 (panel D) with
the Kd values from Table 1. The concentration
profiles above each graph (panels B–D) represent
the fractional subunit concentrations of the
different oligomeric forms assumed to contribute
to each model, as calculated from the total Rca
concentration and the Kd values in Table 1.
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oligomeric species present at each protein concentration.Derivation of the total autocorrelation function
to describe mixed-species FCS
The autocorrelation function for a polydisperse sample con-
taining M components of well-defined diffusion coefficient
(Di) and brightness (εi) is (28)
GðtÞ ¼
23=2
PM
i¼ 1
Niε
2
i giðtÞPM
i¼ 1
Niεi
2 ; (5)
where
giðtÞ ¼

1þ 4Dit
r20
1
1þ 4Dit
z20
1=2
(6)
is the normalized autocorrelation function for species i, r0
and z0 are the radial and axial semiaxis of the Gaussian
confocal volume (see Materials and Methods), and Ni is
the mean number of molecules of the ith species in the
observation volume. In general, Eq. 5 will depend on the
diffusion coefficients of all oligomers present in solution,
and the dissociation constants of the different assembly
equilibria. Despite the complexity of Eq. 5 we could fit
all FCS decays with the one-component model of Eq. 2
to obtain an apparent diffusion coefficient, Dapp (see the
Supporting Material for a more in-depth discussion and
representative examples). This indicates that the linear
combination of several one-component decays gives a total
autocorrelation decay that cannot be distinguished experi-
mentally from that obtained for a monodisperse sample. It
should be noted that Dapp is not the average of individual
diffusion coefficients, because each species contributes to
the autocorrelation function as the square of its brightness.
For instance, dimers bearing two labels contribute four
times as much to G(t) than monomers bearing one label.
In Figs. 1, B–D, experimental FCS results are represented
as the ratio between Dapp obtained from the fit to Eq. 2 and
the diffusion coefficient for the monomer D1 measured at
50 nM Rca. Error bars represent the standard deviation of
at least four determinations. To obtain assembly models
consistent with the experimental Dapp/D1 ratios, the bright-
ness in Eq. 5 must be expressed in terms of the assemblyGðtÞ ¼ 1
p3=2r20z0NAV
P
k
Pk
n¼ 0
n2

k
n

f nð1 f
P
k
Pk
n¼ 0
n
Biophysical Journal 103(5) 949–958state of the protein and the number of labeled subunits
present in each oligomeric species. The brightness of each
species εi is proportional to the number of fluorophores n
(i.e., the number of labeled subunits present in the oligo-
meric particle). Assuming that the protein assembles into
oligomers of k subunits, Eq. 5 can be expressed as
GðtÞ ¼
23=2
P
k
Pk
n¼ 0
n2Nk;ngkðtÞP
k
Pk
n¼ 0
nNk;n
2 ; (7)
where Nk,n is the number of particles in the observation
volume containing k Rca subunits and n fluorophores
(0 % n % k), and gk(t) is the normalized autocorrelation
function defined in Eq. 6. Eq. 7 is similar to the model dis-
cussed by Yu et al. (49) to analyze the FCS decays of
micelles containing a variable number of fluorophores,
although in this work the authors examined only the ampli-
tude of the decay and used a single diffusion coefficient for
all micelles. Due to the mixing of labeled and unlabeled
subunits, the number of fluorophores in a given oligomeric
particle is a random variable distributed according to the
binomial distribution. The probability that an oligomer of
size k contains n labeled monomers is therefore given by
pk;n ¼

k
n

f nð1 f Þkn¼ k!
n!ðk  nÞ! f
nð1 f Þkn; (8)
where f, the fraction of fluorescently labeled protein mono-
mers, is determined by the relative concentrations of labeled
(CL) and unlabeled (CU) subunits present in the mixture: f¼
CL/(CL þ CU). The value of Nk,n is then given by pk,nNk,
where Nk ¼
Pk
n¼0 Nk;m is the total number of particles in
the observation volume containing k subunits and any
number of fluorophores. Nk can be expressed in terms of
molar concentrations as CkVeffNAV, where Ck is the concen-
tration of the oligomer of size k, Veff is the effective observa-
tion volume in liters (Veff ¼ (p/2)3/2 r02z0) (26), and NAV is
Avogadro’s number. Thevalues ofCk, in turn, are determined
by the dissociation constants of the different oligomerization
equilibria and the total protein concentration (CL þ CU).
The total autocorrelation function can then be expressed
in terms of the concentrations of labeled and unlabeled Rca
(CL,CU), the optical parameters of the setup (r0, z0), the diffu-
sion coefficient of each oligomeric state (Dk), and the
concentrations of the different oligomers in the solution (Ck).ÞknCk

1þ 4Dkt
r20
1
1þ 4Dkt
z20


k
n

f nð1 f ÞknCk
2
1=2
: (9)
Self-Assembly of Rubisco Activase. 955We were able to estimate Dk values from the x-ray structure
of tobacco Rca (seeMaterials andMethods). Therefore,Ck is
the only unknown parameter in Eq. 9, with values depending
on the Kds and total Rca concentration. Therefore, the anal-
ysis of FCS decays requires previous knowledge of the
number of different oligomeric species present and the
mechanism by which each one is formed. Although this
information is limited for Rca, different assembly mecha-
nisms can be tested for their consistency with experimental
data (Table 1). To this end, we first assume a set of values
of k to represent the types of oligomers present in equilib-
rium, and amechanism for their formation. A set ofKd values
is then assumed, from which the concentration of each olig-
omer (Ck) is calculated as a function of Rca concentration
(CUþ CL). Equation 9 is then used to predict the theoretical
total autocorrelation function at each Rca concentration. As
with the experimental data, each of the theoretical decays
is fitted to Eq. 2, from which a calculated value for Dapp is
obtained that describes the FCS decay of a complex
mixture of species. The relative apparent diffusion coeffi-
cients Dapp/D1 expected for the assumed mechanism are
plotted as a function of concentration (Fig. 1, B–D, solid
lines), and compared to the experimental data. The equilib-
rium constants are then modified iteratively until the calcu-
lated set of Dapp/D1 values is consistent with observations
within error bars.Interpretation of FCS data in terms of alternative
Rca assembly mechanisms
Although to date, the Rca assembly mechanism remains
poorly characterized, some information on subunit stoichi-
ometries is available. In our laboratory, we routinely observe
dimeric forms by SE-HPLC (R. M. Wachter, unpublished
results). Recently, hexameric forms have been observed by
mass spectrometry and EM (16,17,24). In combination
with the high propensity of classic AAAþ domains to hex-
amerize, these data provide strong support for a six-subunit
intermediate state. Therefore, we analyzed the experimental
FCS decays in terms of Rca self-association from monomers
to hexamers to larger aggregates. Within this framework, weTABLE 1 Optimized dissociation constants
Model Equilibria Kd values
1 6Rca%Rca6 50 mM
5
4Rca6%Rca24 10
3 mM3
2 3Rca%Rca3 5 mM
2
2Rca3%Rca6 5 mM
4Rca6%Rca24 35 mM
3
3 2Rca%Rca2 3.5 mM
2Rca2%Rca4 1 mM
Rca2 þ Rca4%Rca6 1 mM
4Rca6%Rca24 25 mM
3
Dissociation constants (Kd) for each assembly step were obtained by
modeling according to Eq. 9. Model 1 is judged to be inconsistent with
experiment, whereas Models 2 and 3 provide good fits to the data.considered three mechanisms, Model 1 (monomer-hexamer-
24 mer), Model 2 (monomer-trimer-hexamer-24 mer),
and Model 3 (monomer-dimer-tetramer-hexamer-24 mer)
(Table 1). In Fig.1, B–D, we show predicted and experi-
mental Dapp/D1 values, as well as the fractional concentra-
tion kCk/SkkCk of each oligomer as calculated from the
predicted Kd values (panels above each graph).
Using Eq. 9, our calculations predict that Model 1 would
cause a sharp decrease inDapp, as illustrated by the red curve
in Fig. 1 B, which shows the predicted autocorrelation func-
tion using Kd1 ¼ 50 mM5 and Kd2 ¼ 103 mM3. However, the
observed relative Dapp values decrease rather smoothly in
the low mM range (Fig. 1 B, solid circles), suggesting the
formation of intermediates. Although a reduction in Kd1
would provide a better fit to the experimental data at the
very low concentration range, such an adjustment would
drop the Dapp/D1 ratio to ~0.6 around 1 mM Rca, whereas
the experimental values remain high at ~0.9. Therefore,
Model 1 is judged to be inconsistent with the data.
At least one intermediate is needed to predict the more
moderate decrease in diffusion coefficients observed in the
low mM range. Therefore, in Model 2, we introduce a trimer
as an intermediate. The best match between experimental
data and modeling was obtained using Kd1 ¼ 5 mM2,
Kd2 ¼ 5 mM, and Kd3 ¼ 35 mM3 (Table 1 and Fig.1 C). To
estimate the uncertainties in dissociation constants, we eval-
uated a range of Kd1 values that produce results consistent
with experiment. These tests show that Kd1 values in the
range of 3.5–10 mM2 provide a good fit to the data within
experimental error (Fig. S9 A). The values of Kd2 and Kd3
used to generate these curves were optimized for the lowest
and highest Kd1 values in this range (Kd2 ¼ 15 mM, Kd3 ¼
2 mM3 for Kd1 ¼ 3.5 mM2; Kd2 ¼ 1.3 mM, Kd3 ¼ 70 mM3
for Kd1 ¼ 10 mM2). Clearly, a single trimeric intermediate
is sufficient to describe the FCS results adequately.
However, based on the observation of dimers (see above),
we considered an additional mechanism that proceeds
through dimeric and tetrameric forms (Model 3, Fig. 1 D).
For this assembly path, the best agreement with experi-
mental data was obtained with Kd1 ¼ 3.5 mM, Kd2 ¼
1 mM Kd3 ¼ 1 mM, and Kd4 ¼ 25 mM3 (Fig. 1 D). Because
Model 3 has an additional adjustable parameter compared
to Model 2, a wider range of Kd values provide a good fit,
such as Kd1 values in the range of 2.0–20 mM (Fig. S9 B).
The values of Kd2–Kd4 were optimized for the values of
Kd1 on each extreme of the range (for Kd1 ¼ 2 mM, Kd2 ¼
2 mM, Kd3 ¼ 1 mM, and Kd4 ¼ 20 mM3; for Kd1 ¼ 20 mM,
Kd2 ¼ 0.03 mM, Kd3 ¼ 2 mM, and Kd4 ¼ 8 mM3). The
concentration profiles predicted by this set of dissociation
constants show more variations than the profiles obtained
for Model 2 (Fig. S9 B). This is a consequence of the fact
that our experimental results can be adequately described
with one less species (Model 2).
Even at the highest concentrations tested, a clear plateau
in Dapp/D1 is not observed, suggesting that more highlyBiophysical Journal 103(5) 949–958
956 Chakraborty et al.aggregated states are in equilibrium with assemblies of
roughly 24 subunits. Because a precise MW determination
of large aggregates is not possible, we suggest that hexame-
ric species self-associate to form 24-subunit complexes
(Fig. 2). However, it is important to stress that we cannot
distinguish between 18 and 24 mers due to the uncertainty
inherent in our experiments (Fig. 1, B–D, red horizontal
scale bars). Additionally, we cannot rule out that larger
species are formed by the continuous binding of dimers to
smaller forms (Rcak þ Rca2 ¼ Rcakþ2), leading to the
formation of helical arrangements as observed in the Rca
AAAþ crystal structure (16) (Fig. 2).DISCUSSION
Frequently, the mechanistic enzymology of complex protein
assemblies is less well understood. A detailed molecular
description of subunit cooperativity requires knowledge of
the stoichiometries and fractional concentrations of all
component species. We have developed an FCS-based
method to address this question, and have tested our meth-
odology on the highly aggregate-prone chaperone-like
protein Rca. We show that the low nanomolar to mid-micro-
molar range is accessible by mixing labeled and unlabeled
protein, and anticipate that this method will be particularly
useful for the examination of dynamic equilibria that
involve fast subunit exchange. Although in higher plants,
the ATPase activity of Rca regulates the level of carbon fixa-
tion, its assembly process has remained intractable for many
years (5,12). The FCS experiments presented here provide
a framework for the development of appropriate thermody-
namic models for self-association. Our data provide clear
evidence of multiple oligomeric states under equilibrium
conditions. Although the FCS results appear to mimic
a wealth of SE-HPLC data, chromatography cannot provide
equilibrium stoichiometries for a highly dynamic system,
a feature that has impeded a thorough mechanistic investiga-
tion of Rca.FIGURE 2 Rca assembly pathways consistent with experimental data.
Schematic representation of Model 3 involving dimeric and tetrameric
intermediates on the pathway of hexamer formation. Higher-order assem-
blies are shown as stacks of closed hexameric rings (A) or as pseudohexa-
meric spirals (B).
Biophysical Journal 103(5) 949–958In this work, we have monitored the Mg$ADP-mediated
assembly process of cotton b-Rca at pH 7.6. Our PCH and
FCS results show that the monomer is the dominating
species at subunit concentrations below 0.5 mM, in line
with EM images of amorphous particles at 0.5–1 mM
tobacco Rca-R293V with Mg$ADP (16). Within the
100 mM concentration range, our data are consistent with
the formation of high-MW aggregates comprising roughly
24 subunits. As the assembly process appears to be contin-
uous, with no obvious plateau at any concentration, stoichi-
ometries of intermediate states cannot be extracted by FCS
(Fig. 1, B–D). Therefore, we use evidence from other sour-
ces to interpret the FCS results. Experimental evidence of
Rca hexamers has been accumulating (16,17,24). By EM,
the ATP-dependent formation of closed 6-unit rings has
been observed for 0.5–1 mM tobacco Rca-R293V, whereas
the crystal structure provided a spiral hexameric model
(16). In general, members of the AAAþ classic clade
have been crystallized in both helical and closed-ring
hexameric arrays, although only toroids are considered
part of the ATPase cycle. For example, the AAAþ domain
of FtsH with attached protease forms a toroidal hexamer
(50), whereas the absence of the protease domain leads to
helical assemblies (51). The assembly pathway of the related
AAAþ protein ClpA involves dimeric and tetrameric
forms (21,52), providing support for Rca assembly according
to Model 3. However, in contrast to Rca, the ClpAMg$ATP-
dependent pathway involves tight complexes that can be
isolated, with a dimer-tetramer Kd of ~1 nM and a
tetramer-hexamer Kd below 0.17 nM (21).Rca assembly mechanisms
We have considered three different assembly mechanisms
that proceed to the ~24-subunit stage (Table 1), and find
that the formation of hexamers must occur through at least
one (Model 2), or more likely, two intermediate steps
(Model 3). Model 3 suggests that the rise of the hexamer
is initiated at 1 mM Rca (Fig. 1 D), and dominates between
10 and 30 mM, whereas the tetramer contributes signifi-
cantly between 5 and 20 mM. Higher-order assemblies
(k > 6) start forming at ~15 mM, and become dominant
above 40 mM. In the high range, the data do not provide
sufficient detail to warrant the modeling of forms interme-
diate to 6 and 24 subunits, and therefore cannot be used to
distinguish between models of closed hexameric rings
(Fig. 2 A) and pseudohexameric spirals (Fig. 2 B). Although
some AAAþ proteins contain stacks of toroidal rings (20),
the helical filament model appears particularly attractive,
because it allows for the continuous assembly of extended
structures by the sequential addition of dimers. The Kd
values extracted for the dimer-tetramer and tetramer-
hexamer equilibria are estimated to be ~1 mM (Table 1),
suggesting that the addition of a dimer to either a dimer or
a tetramer is energetically equivalent. This feature supports
Self-Assembly of Rubisco Activase. 957a spiral assembly (Fig. 2 B) and provides a rational for the
broad size distribution observed by SE-HPLC (5,12).
This work provides evidence that under typical kinetic
assay conditions (5–20 mM Rca), as much as four different
Rca species coexist (Fig. 1, B–D). Our method has opened
the door to the future investigation of Rca assembly as
a function of different ADP/ATP ratios, as modulated by
the energy charge of the chloroplast stroma. Long term,
we expect that a complete thermodynamic description of
Rca assembly will aid in elucidating the mechanism of
Rubisco reactivation.SUPPORTING MATERIAL
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